Early blight, caused by the fungus Alternaria solani, is a common foliar disease in potato. Quinone outside inhibitor (QoIs) fungicides have commonly been used against A. solani. To avoid or delay development of fungicide resistance it is recommended to alternate or combine fungicides with different modes of action. Therefore, we compared two different fungicide programs against early blight in field trials and studied within season changes in the pathogen population. An untreated control was compared with treatments using azoxystrobin alone and with a program involving difenoconazole followed by boscalid and pyraclostrobin combined. Isolates of A. solani were collected during the growing season and changes in the population structure was investigated. We also screened for the amino acid substitution in the cytochrome b gene and investigated changes in sensitivity to azoxystrobin. Treatment with azoxystrobin alone did not improve disease control in 2014 when the disease pressure was high. However, lower severity of the disease was observed after combined use of difenoconazole, boscalid and pyraclostrobin. The efficacy of both fungicide treatments were similar during the field trial in 2017. Two mitochondrial genotypes (GI and GII) were found among isolates, where all isolates, except two, were GII. All GII isolates had the F129 L substitution while the two GI isolates were wild type. Population structure analysis and principal component analysis (PCA) of amplified fragment length polymorphisms (AFLP) data revealed within season changes in the A. solani populations in response to fungicide application. Isolates with the F129 L substitution had reduced sensitivity to azoxystrobin in vitro and their sensitivity tended to decrease with time.
Introduction
The genus Alternaria is found in a wide range of environments worldwide. One of the most economically important members of the genus is Alternaria solani (Ellis & G. Martin) L. R. Jones & Grout 1896, which causes early blight disease in potato and tomato. Due to heavy defoliation during epidemics, the disease can cause major yield losses (Shtienberg et al. 1990; Rotem 1994; . This fungus is also commonly found in commercial potato production fields in Sweden. Although early blight symptoms were found in fields every year, traditionally A. solani was considered to be of minor importance in Sweden. However, during recent years several reports have revealed increasing problems associated to early blight in Sweden, particularly in the south-eastern part of the country (Andersson and Wiik 2008; Edin and Andersson 2014) . Personal communications with potato growers and advisors confirmed the increasing problems and Edin et al. (2019) confirmed in their study that A. solani is the causal agent of early blight in southeastern Sweden.
Early blight in potato, and other diseases caused by Alternaria spp., have typically been controlled by repeated fungicide applications (Horsfield et al. 2010) . One of the commonly used fungicide groups are the quinone outside inhibitors (QoIs). These fungicides have been widely used for many years due to their broad-spectrum protection, reduced environmental effects and excellent yield benefits (Bartlett et al. 2002) . QoIs prevent electron transport in mitochondrial respiration by binding to the Qo site of the cytochrome b (cytb) complex, and thus, inhibit ATP synthesis (Bartlett et al. 2002) . However, due to this specific mode of action, there is a high risk of the development of fungicide resistance as a result of evolution in the pathogen population. Indeed the development of fungicide resistance in pathogen populations has been well documented (Chin et al. 2001; Kim et al. 2003; Avila-Adame et al. 2003; Pasche et al. 2005; .
A shift towards reduced fungicide sensitivity in A. solani was first observed in the USA (Pasche et al. 2004) . Frequent applications of azoxystrobin led to mutations in the mitochondrial target gene, causing a substitution of an amino acid, in the cytochrome b protein. This substitution prevents fungicide binding and thus reduces sensitivity. Only the F129 L substitution has been found in A. solani, with either of the threenucleotide mutations TTA, CTC and TTG at codon position 129. This leads to an amino acid substitution from phenylalanine (F) to leucine (L), which reduces the sensitivity but does not result in complete loss of field efficacy to QoIs (Pasche et al. 2005) . reported, based on sequence analysis, that individuals within A. solani populations in Germany have two structurally different cytb genes (genotype I, GI, and genotype II, GII). The structure of GI consisting of five exons and four introns and the putative mutation site (F129 L) is located at the beginning of exon 2, wherein GII, intron 1 was missing, and putative F129 L substitution was located at the exon 2 as far as codon G131 . The F129 L substitution in their study was only found in GII isolates. However, in the recent studies, the F129 L substitution has been found in samples with the GI genotype, although at much lower frequencies (Edin et al. 2019) . Several reports also indicate that application of QoIs no longer provides consistent efficacy against Alternaria-species (Pasche et al. 2005; Luo et al. 2007; Rosenzweig et al. 2008) . In Sweden, QoIs first exhibited effective management of early blight and increased potato yields (Andersson and Wiik 2008) . However, observations during the last few years show a reduced efficacy of QoI fungicides in the field, especially in the area around Kristianstad in the south-eastern part of Sweden (personal communication with growers and advisors). Moreover, high frequencies of GII containing the F129 L substitution have been identified among the isolates collected in this area (Odilbekov et al. 2016; Edin et al. 2019) .
Studies of the genetic structure of pathogen populations are important for disease management strategies and are important tools to aid our understanding of epidemiology and host-pathogen coevolution. Information from such studies reflects the potential for change in the pathogen population, such as the development of fungicide resistance (McDonald and Linde 2002; van der Waals et al. 2004) . High genetic variation in the population of A. solani has been found in various studies using a variety of different molecular markers, such as isozyme analyses (Petrunak and Christ 1992) , random amplified microsatellite (RAMS) (van der Waals et al. 2004) , Random Amplified Polymorphic DNA (RAPD) (Leiminger et al. 2013 ) and simple sequence repeat (SSR) markers (Meng et al. 2015) .
Amplified fragment length polymorphisms (AFLP, Vos et al. 1995 ) is a highly reproducible PCR-based method for DNA-fingerprinting, which can produce a large number of polymorphic loci. This method is a valuable technique for population variability studies, especially in species where sequence information is not available. AFLP has been successfully used to previously investigate the population variability in A. solani (Lourenco et al. 2011; Zhang et al. 2012; Odilbekov et al. 2016) .
To avoid or at least delay development of fungicide resistance in pathogen populations it is recommended to alternate or combine fungicides with different mode of action. This strategy is supposed to lower the selection pressure for fungicide resistant strains. The approval of fungicides depends on its efficacy to control the disease, durability of the effect, and various toxicological characteristics. Treatment strategies, i.e. how frequent and at what rate the fungicides can be applied, are then built on basis of above characteristics. Comparing different chemicals given at the same times would not be very relevant since that will never be done in practice. Therefore, the aim of this study was to determine the general genetic shifts in the A. solani population during the season as a response to two different practical fungicide application programs by using AFLP markers. Untreated plots were compared with plots treated with a QoI fungicide (azoxystrobin) only, or plots treated with combinations/alterations between a QoI (pyraclostrobin), a SDHI (boscalid) and a triazole fungicide (difenoconazole). Sampled isolates were also analysed by sequencing the gene encoding cytochrome b in order to identify changes in the frequency of any amino acid substitution relevant for QoI sensitivity. Furthermore, changes in sensitivity to azoxystrobin were investigated.
Materials & methods

Field trial and sample collection
The two field experiments in 2014 and 2017, respectively, were performed at Nymö, about 15 km east of Kristianstad. Tubers of starch potato cultivar Kuras were planted (April 26, 2014, and April 25, 2017) in a randomized complete block design with four blocks and each plot had five rows of 10 m length. Within each block, the different treatments were randomly distributed. An untreated control (UTR) was compared with two different fungicide treatment programs (Table 1) . All plots were treated with recommended doses of Revus (two times) followed by Ranman Top against late blight at least every week and with an insecticide once. UTR had no further treatments. In addition to late blight fungicides in Treatment 1 (TR1), we applied Revus Top (in place of Revus in the untreated control) two times followed by Signum four times. In Treatment 2 (TR2), Amistar was applied twice, alongside the standard Revus or Ranman Top applications against late blight. All treatments were fulfilled according to the manufacturer's recommendations. No inoculation was implemented but to ensure that the symptoms observed during assessment were due to infection of A. solani the field was evaluated by fungal isolation from typical early blight lesions. Disease severity was assessed by percent of infection, i.e. percent of remaining green leaf area that had necrotic spots was assessed visually according to the EPPO-scale (OEPP/EPPO 2004) four times in 2014 (July 30, August 9, August 19, September 2) and five times in 2017 (August 22, 29, September 4, 10, 17, ) . The relative area under the disease progress curve (rAUDPC) was calculated as a measurement of disease severity over the season. Leaflets with symptoms of early blight were collected four times in 2014 and two times in 2017 during the field trials ( Table 2) . From each plot, leaflet samples were randomly collected from the middle rows and the leaflets were placed in small paper bags and air-dried. Four leaflets per plot and collection event were used in the analyses. The three middle rows were harvested for yield measurements.
Fungus isolation
Small sections (3-4 mm 2 ) from the margins of early blight lesions were cut out from the leaf samples and sterilized in 1% sodium hypochlorite for 3 min, followed by washing twice in sterile distilled water. The leaflet sections were placed on water agar containing the antibiotic chlortetracycline, (100 μg mL −1 ) and incubated for 3-4 days in darkness at room temperature to stimulate sporulation. A single conidium was picked up with a thin needle directly from the infected leaf tissue under a stereomicroscope and placed on new potato dextrose agar plate for germination. After germination and sporulation, sterile distilled water was added to the culture to allow detachment of spores and 50 μl of the resulting A. solani spore suspension was spread onto a new water agar plate and incubated until sporulation. A single conidium was again picked directly from the water agar plate with a tiny needle under a stereomicroscope and placed on new potato dextrose agar for germination. Morphological identification of A. solani isolates was performed based on Simmons (2007) and the identifications were also confirmed with PCR based methods (Pasche et al. 2005; Edin 2012 ). An A. solani isolate from our previous work (Odilbekov et al. 2016 ) was used as reference isolate. Moreover, all isolates were compared for one closely related species, Alternaria linariae¸formerly Alternaria tomatophila, using specific primers (Gannibal et al. 2014) . In total, 143 isolates collected in 2014 and 86 isolates collected in 2017 were used in the present work.
DNA extraction and identification of substitutions in cytochrome b
Single-spore isolates were grown in a liquid medium (10 g sucrose, 2 g yeast extract, 15 mM KH 2 PO 4 , 0.4 mM MgSO 4 .7H 2 O, 1.5 μM ZnSO 4 .7H 2 O, 1.8 μM FeCl 3 .6H 2 O, and 2.5 μM MnCl 2 . H 2 O) in 40 ml flasks under continuous agitation (60 rpm). After eight days of incubation at room temperature, the mycelium was washed twice with distilled water, freeze-dried and stored at −80°C. Total genomic DNA was extracted using the Genomic DNA Purification Kit (Fermentas, Lithuania) according to manufacturer's instruction and stored at −20°C in 100 μL of ddH 2 O. DNA quality was checked by electrophoresis using 1% agarose gel visualised with ethidium bromide and the concentration was adjusted to 100 ng μl −1 using a Nanodrop® ND-1000 spectrophotometer (NanoDrop Technologies, Inc. DE, USA). Identification of substitutions in the gene encoding cytochrome b for the GI genotype was based DAP days after planting when the fungicide was sprayed on methods described by Edin (2012) and for identification of the GII genotype primers developed by Pasche et al. (2005) were used. DNA of all isolates, confirmed as A. solani, was amplified in a reaction volume of 50 μL. The PCR conditions were the same for DNA amplification of both genotypes except that the annealing temperature for GII was 54°C (Edin et al. 2019 ). An American GII (US4) isolate was used as positive control for GII and a Swedish sequenced one for GI. The PCR amplification products were analysed using electrophoresis (1% agarose gel stained with Nancy-250 (Sigma-Aldrich, MO USA)). The PCR-products were purified using Agencourt AMPure XP (Beckman Coulter, MA, USA) according to the manufacturer's manual and sequenced at Macrogen Inc. Europe, Amsterdam, NL.
In vitro sensitivity test
For sensitivity tests, five GI wild-type isolates from 2011 and five GII isolates from each treatment of the first (June 2, 2014) and last collection time (September 2, 2014) were evaluated. In addition, isolates from the last collection time points for all treatments between 2014 and 2017 were evaluated. Spores of A. solani were produced according to Odilbekov et al. (2014) and the spore suspension was adjusted to 2 × 10 4 conidia mL −1 . In vitro sensitivity tests were performed as described by in duplicates. Briefly, the spore suspension (50 μl) of each isolate was spread onto the surface of water agar plates containing fungicides (Azoxystrobin, Sigma-Aldrich) at different concentrations (0, 0.01, 0.1, 1 and 10 μg mL −1 ) and 100 mgL −1 salicylhydroxamic acid (SHAM). Petri dishes with water agar and SHAM were used as controls. The plates were incubated (continuous light for 5 h at 28°C) and thereafter germination of 100 conidia was assessed. Fungicide sensitivity was measured as the concentration at which spore germination was inhibited by 50% relative to the untreated control (EC 50 value) and was determined for each isolate.
AFLP analysis
DNA digestion (using enzymes MseI and EcoRI), ligation, pre-amplification and selective amplification were performed with the AFLP Microbial Fingerprinting Kit (Applied Biosystems, CA USA) based on a modified manufacturer's protocol according to Vos et al. (1995) . The primers used for selective amplification were E + AA/M + A, E + AC/M + C, E + AA/M + C, E + AA/ M + G and E + AT/M + A, selected based on the degree of polymorphism (Lourenco et al. 2011) . The amplified PCR products were analysed on ABI 3730 capillary DNA analysers (Applied Biosystems) at The University of Copenhagen, Denmark. Genemarker (Softgenetics®, PA, USA) software was used for visualizing and analyzing the data. All bands were scored manually considering both the gel image and the peak height using default settings with the recommended threshold intensity. Bands between 60 and 500 base pairs were scored as either present "1" or absent "0". Only bands that could be scored clearly were included in the AFLP analysis.
Data analysis
AUDPC was calculated based on the following standard formula:
Where Yi is disease severity in percent at the i th observation, Xi is time (days) at the i th observation and n is the total number of observations. The relative AUDPC (rAUDPC) was calculated by dividing AUDPC by the total area during the assessment period, assuming 100% disease from the start. Minitab software (Version 17.1.0) was used for statistical calculations. Differences in percent of infection for plants in the field experiments as well as differences in fungicide sensitivity were investigated with ANOVA (PROC GLM). Comparisons of mean values were conducted using Tukey's test. POPGENE version 1.32 was used to generate Nei's gene diversity (H). NTSYSpc (version 2.2) statistical package was applied to perform Nei and Li (1979) similarity matrix and principal coordinate analysis. STRUCTURE software version 2.3.4 (Pritchard et al. 2000) , STRUCTURE HARVESTER (Earl and vonHoldt 2012) and DISTRACT version 1.1 (Rosenberg 2004) were used to illustrate the population structure with colour fields. Analysis of molecular variance (AMOVA) was performed according to Excoffier et al. (2005) using Arlequin 3.0.
Results
Field experiments
Symptomatic leaflets were first identified at the beginning of June in 2014, and at the beginning of July in 2017. Alternaria solani was isolated at a low frequency from those lesions. Samples collected later during each field season were almost all verified as early blight lesions. The epidemic phase of the disease started at the end of July in 2014 when the percent of diseased leaf area increased heavily in UTR. In TR2 (azoxystrobin treatment) the infection was almost as high as in the UTR and was not significantly different from the control at the two last scoring dates. However, a significant (p < 0.01) lower disease rate was observed in TR2 at the second scoring date (Fig. 1a ). In TR1 (difenoconazole + boscalid and pyraclostrobin), the rate of disease development was significantly lower (p < 0.01) than that of both the UTR and treatment TR2. In 2017, the epidemic phase of the disease started at the end of August, approximately one month later than in 2014 (Fig. 1b) . The percentage of infection was significantly higher in the UTR than in the other two treatments (TR1 and TR2) (p < 0.01) at all three scoring dates. However, no difference was observed between TR1 and TR2 in 2017. Yield measurement results also revealed significant differences between the treatments in 2014 (Table 3 , p < 0.01). TR1 gave a significantly higher yield compared to the UTR and TR 2. However, no significant differences in yield were found between the treatments in 2017.
Substitution in cytochrome b and sensitivity test
Based on the cytb gene structure, two different genotypes (GI and GII) were found among the A. solani isolates ( Table 2 ). In the samples collected in 2014, only two isolates were classified as GI while the other 141 isolates were classified as GII (where the F129 L substitution was present). All the isolates from 2017 were GII. All of the GII isolates had the TTA nucleotide substitution (F129 L), whereas the two GI isolates from 2014 had a wild type cytb gene. All tested isolates that contained the F129 L substitution had reduced sensitivity to azoxystrobin compared to wild-type isolates (Figs. 3 and 4) . The means of EC 50 -values, based on germination rates in in vitro test, varied between 0.15-1.4 μg mL −1 for the isolates with the F129 L substitution, whereas in wild-type isolates the EC 50− -values varied between 0.01-0.12 μg mL −1 . The difference between wild type and F129 L isolates was statistically significant (p < 0.01) according to Tukey test (Fig. 2) . Sensitivity appeared to change over time within the pathogen population; isolates from the last collection time points for TR1 and TR2 (in both seasons) revealed a significant difference (p < 0.01) in sensitivity to azoxystrobin (Fig. 3) compared to other isolates. Isolates from 2017 with the F129 L substitution had even lower sensitivity to azoxystrobin than any of the previously identified isolates, as indicated by EC 50 values of up to more than 3 μg mL −1 .
Population structure
The mean gene diversity (H) among the isolates in all treatments was slightly higher in samples collected at the time points 1 and 2 (0.20 and 0.19 respectively) compared to those sampled at the time points 0 and 3 in 2014 (Fig. 4) . In 2017, the gene diversity was higher among the isolates from the UTR 2017 compared to isolates from TR1 and Time 2 in TR2 (Fig. 4 ). Lower gene diversity was observed at Time 2 in comparison with Time 1 in TR1 and TR2.
The STRUCTURE analyses of isolates from the UTR in 2014 indicated the presence of two main clusters ( Fig. 4) . However, the predicted population structure of the isolates revealed partial membership to more than one population, and none of the isolates showed membership to only one population. Analysis of molecular variances (AMOVA; Table 4 ) revealed that in untreated plots, the highest percentage of between population variations occurred from Time 0 to Time 3 (23%, p < 0.01) as well from Time 0 to Time 1 (15%, p < 0.01). There was a lower percentage difference between population variation from Time 1 to Time 2 as well as from Time 2 to Time 3. The STRUCTURE analyses also showed two main clusters, which have partial membership to more than one population (Fig. 4, TR1, 2014 ). AMOVA analysis in TR1 revealed that the highest percent between population variation was from Time 0 to Time 3 (23%, p < 0.01) as well as from Time 0 to Time 1 (21%, p < 0.01), whilst a lower percentage between population variation was found from Time 1 to Time 2 and from Time 2 to Time 3 (Table 4 ). STRUC-TURE analyses of TR2 (Fig. 4, TR2, 2014) displayed two main clusters. The predicted population structure for the isolates from TR2 indicated a change over time, whereas isolates from Time 3 displayed membership to only one population. The mean gene diversity among isolates from this treatment was also lower at Time 3 (0.09%) compared with the other treatments. AMOVA analysis indicated a higher percentage of variation between populations from Time 0 to Time 3 (56%, p < 0.00), from Time 1 to Time 3 (52%, p < 0.00) and from Time 2 to Time 3 (45%, p < 0.00) while among population variation between Time 0, 1 and 2 was much lower (Table 4 ).
The STRUCTURE analyses of isolates collected from the UTR in 2017 showed the presence of three main clusters (Figs. 4, 2017) . However, only two main clusters were found in TR1 and TR2 (Fig. 4, TR1 and 2 , 2017) . In all treatments, the predicted structure also revealed partial membership to more than one population. The AMOVA analysis revealed that the highest percentage of between population variations occurred from Time 1 to Time 2 in TR1 (8.05%, p < 0.03, Table 5 ) and TR2 (8.15%, p < 0.02, Table 5 ). However, there was a lower percentage of population variation from Time 1 to Time 2 (4.25%, Table 5 ) in the UTR.
A comparison was made between the isolates that were collected in 2014 before all the fungicide treatments (Treatment 0) and the isolates from the last time point for all treatments (UTR and TR1 and 2) using principal component analysis (PCA). The first dimension explained 63% and the second dimension 7% of the variation, respectively. The PCA plot shows that isolates from Treatment 0 grouped together and that there was a shift along the second dimension in all treatments (Fig. 5a) . All, except one, of the isolates from TR2 grouped together, which was different from the other treatments. We were not able to isolate A. solani from the field before the first fungicide treatment in 2017.
Discussion
The population of A. solani in the investigated fields was dominated by isolates with the F129 L substitution and only two wild-type isolates were found among the investigated isolates from both years. Sensitivity tests revealed that isolates from 2014 possessing the F129 L substitution, were ten times less sensitive to azoxystrobin compared to the wild type ( Fig. 2) and there was a shift to even lower sensitivity during the growing season in 2017 ( Fig. 3) . Furthermore, the field trials clearly showed that significant disease control was not obtained by using azoxystrobin only, indicating that the substitution may have a strong influence on Qol fungicide efficacy in field situations (Fig. 1) . Combined use of difenoconazole, boscalid and pyraclostrobin had much higher efficacy in 2014 but not in 2017. The reason for that is probably the development of resistance also against boscalid (which is the active ingredient. in Signum). In 2017, we discovered mutations associated with fungicide resistance against boscalid that had not been detected in 2014 (unpublished data). The higher efficacy of azoxystrobin in 2017 compared to 2014 may be due to the lower infection pressure in 2017. Based on field trials, Pasche and Gudmestad (2008) suggested that application of QoI fungicides against populations of A. solani dominated by the F129 L substitution would not provide enhanced disease control in comparison with standard protectant fungicides. The occurrence of the F129 L substitution among isolates in the field is likely to be a result of repeated fungicide application regimes with QoIs performed by the grower during the previous crop rotations. Repeated exposure of the pathogen population to this single fungicide creates a strong selection pressure, allowing individuals with the substitution a fitness benefit for survival (Pasche et al. 2004; Rosenzweig et al. 2008) . As shown in the USA, within a few years of intensive Qol fungicide applications (up to six applications per season), early blight disease control was severely affected. Once the substitution arose in the population there was strong selection pressure for its persistence and thus Qols were quickly rendered ineffective against A. solani. Indeed, one study reported a 10-12 fold shift in sensitivity to azoxystrobin (Pasche et al. 2005 ). Reduced sensitivity to azoxystrobin was also revealed in Germany, where up to three applications per season were allowed, but to a lower degree compared to the situation in the USA .
According to the present study, all GII isolates collected from this field had the F129 L substitution, while wild-type was only found in the two GI isolates (Table 2) . These results are in accordance with our previous study where the amino acid substitution was found only in GII isolates (Odilbekov et al. 2016) . Similar results were also obtained in Germany, where the F129 L substitution was identified only in genotype II ). In our previous study (Odilbekov et al. 2016) we found high frequencies of isolates with the F129 L substitutions in the area around Kristianstad in 2011, while in another area, around Kalmar, the F129 L substitution was not found. Both of the areas are located in the south-eastern part of Sweden, where the earliest analysed isolate with F129 L was collected in 2009 (Edin et al. 2019 ). An original objective was to also study changes in the frequency of isolates with the F129 L mutation. We expected that the field in Nymö (Kristianstad area) would have a low frequency of isolates with F129 L substitution when this experiment started. However, all GII isolates in the starting population carried the F129 L substitution and therefore it was not possible to investigate the effects of fungicide programs on within-season changes in F129 L frequency in the A. solani population. Interestingly, the sensitivity to azoxystrobin appeared to be significantly lower in isolates from 2017 compared to 2014. EC 50 -values in isolates with the F129 L substitution were about ten times higher than for wildtype isolates in 2014 but in 2017 isolates with up to 40 times higher EC 50 -value were found. Besides F129 L no other mutations in the cytochrome b gene associated with azoxystrobin resistance are known in A. solani. Therefore, one might speculate if also metabolic resistance mechanisms could have evolved in the pathogen besides the target site resistance. As well as quantifying fungicide resistance, this work also aimed to investigate general genetic changes in the A. solani population during a cropping season in response to different fungicide programs. Structure analysis and PCA results (Figs. 4 and 5) based on our AFLP data confirmed the presence of mainly two groups of isolates. The average gene diversity (H) from the current field experiments was 0.17, which is lower to the overall H value (0.19) in the previous study (Odilbekov et al. 2016) . Also, in both studies, a high percentage of the variation was observed within populations (Tables 4 and 5) . Probably the movement of the host material (tubers) between the fields, may have contributed to the variability among isolates (Weir et al. 1998 ). However, tuber infection has been very rarely observed in Sweden and the primary mode of dispersal may be spore transport in the soil during tillage, planting and covering of the potatoes.
Interestingly, in 2014, isolates from TR2 (azoxystrobin application) showed a different pattern, particularly at the end of the season in comparison to the UTR and TR1 (Fig. 5, TR2, 2014) . The result indicated that application of azoxystrobin alone against A. solani in the field could result in population changes within a season. However, in 2017 azoxystrobin alone (TR2) did not affect the population more than the other fungicide treatment (TR1). In 2017 the disease epidemic started much later and high infection rates were first obtained when the crop started to senesce. Thus, the infection pressure was much lower in 2017 than in 2014. The presence of genotypes resistant to boscalid in 2017 may have also affected selection processes in the population , it was only one month between the first and the second sampling and apparently the population structure can be affected in that short time. Studies of population changes as a response to treatment strategies, therefore, merit further studies. There is very little known about how far air-borne conidia of A. solani can spread within and between fields. The source of inoculum in the experimental field could be spores from plant debris in the soil from the previous years in the same or nearby fields. In this experiment, all plots that were treated with different fungicides were close to each other and a vast spread of spores between plots would result in an evenly distributed population. However, the results indicated that population changes happened especially at the end of the season in response to different fungicide treatments. This may indicate that the main dispersal of spores is very local. There appeared to be a change in the population over time in all treatments (Fig. 5 ). That may be due to selection for isolates adapted for plant infection during the cropping season, but the selection during winter for saprophytic growth on plant debris may be even more important.
Fungi are always under adverse conditions where different factors are constantly changing their environments (Rotem 1994) . Environmental conditions and agricultural practices are probably important factors leading to the selection of particular mutated isolates. For example, four mutation events were visualised in a study of European sub-populations of Zymoseptoria tritici, which had occurred due to QoI fungicide application, disproving the hypothesis that a single mutant haplotype appeared and spread across other regions (Torriani et al. 2009 ). Natural mutations may occur more frequently in asexually reproducing isolates than in sexually reproducing ones (Rogers 2007) . Moreover, because of that, large numbers of spores are produced during different times within a growing season and thereby many opportunities for genetic mutation occur (Weber and Halterman 2012) .
QoI fungicides take a significant place in disease management on different crops in many countries (Bartlett et al. 2002) . In Sweden, the substitution F129 L, associated with resistance to QoI fungicides, is present in most potato growing regions (Edin et al. 2019 ). However, based on studies that were performed in the USA and Europe (Pasche and Gudmestad 2008; Edin et al. 2019) , we believe that selection in the A. solani population will continue to rapidly emerge if the intensive applications of QoI fungicides are also continued.
In conclusion, we found that fungicides affect the population structure of A. solani within a cropping season. We also found that the sensitivity to azoxystrobin of A. solani isolates harbouring F129 L tended to increase with time. Thus, control strategies against A. solani on potato should be adjusted to control but treated against late blight. TR1 = treatment 1: Difenoconazole two times followed by four times boscalid and pyraclostrobin combined. TR2 = treatment 2: Azoxystrobin two times decrease the selection pressure for decreased sensitivity to fungicides. The main measures are to reduce the number of sprays and by using mixtures or alternate fungicides with different modes of action (www.frac. info) that could preserve and prolong the efficacy of fungicides. There is also a need to develop alternative means of disease control that can be integrated into disease management programs and decrease the dependence on fungicides.
